In aquatic systems, recycling of phosphorus (P) is strongly influenced by microbial metabolic responses. This study was designed to look at the generation of P (as soluble-reactive phosphate (SRP)) from organic P-enriched sediments by benthic sulfur chemolithoautotrophs. The study revealed that microbial density was greater in organic P-enriched sediments when compared to sediments without added organic P and the presence of organic P significantly influenced mobilization of SRP from sediment. Generation of SRP by sediment microbes was cumulative, dependent on time. The results indicated dissolved sulfide (S 2À ) to be necessary for initiation of the metabolism-related mobilization of P: there was no statistically significant effect of variations in ambient concentrations of sulfide (S 2À ). The results elucidate possible outcomes of addition of organic P in aquatic ecosystems.
Introduction
Nutrient regeneration is essential to sustain primary production in the aquatic environment because of coupled physical and metabolic gradients (Wetzel, 1993) . This is especially true for phosphorus (P), a key nutrient regulating the primary production in both terrestrial and aquatic environments (Schindler, 1977; Correll, 1998; Wild, 1988; Grobbelaar and House, 1995) . Traditionally, considered to be limiting in freshwaters only, recent work indicates that it often limits growth in marine and brackishwater ecosystems also (Hecky, 1998; Hellströ m, 1998; Boesch et al., 2005) .
In aquatic systems, P reaching the sediments is either buried permanently or recycled back to the water column. Much of the P demand of the aquatic biota is dependent on the recycling of P, either from the sediment or from the water column (Hupfer and Lewandowski, 2005) . Soluble-reactive phosphate (SRP) is the most commonly accessible form of dissolved inorganic P in aquatic systems after such recycling. The generation of SRP has traditionally been considered to be a diagenetic process, caused by several pH-dependent redox processes (Gächter et al., 1988) . However, recent findings (Gächter and Meyer, 1993; Tãrnblom and Rydin, 1997; Søndergaard et al., 2003) , reported as part of the ongoing revision of this classical model, indicate that microbial metabolic responses to the P in the sediment is crucial to the cycling of SRP at the sediment-water interface and influences the ultimate distribution of SRP in the overlying water. Such release of SRP by sediment bacteria may be modulated by the biomass of the bacteria itself (de Montigny and Prairie, 1993) and also by deposited seston (Tãrnblom and Rydin, 1997) , as microbes can access P directly from organic P compounds. Sulfur utilizing chemolithoautotroph communities are often present in the anaerobic bottom sediments in shallow ponds and are probable key players in the regeneration of P (de Montigny and Prairie, 1993), as they are reported to release this limiting nutrient as a metabolic by product (Madigan and Martinko, 2006) .
Despite their importance, existing knowledge about metabolic responses of microbes to organic P compounds is limited, as most current knowledge regarding P in the aquatic environment is focused on inorganic P. The importance of understanding the role played by organic P compounds in aquatic ecosystems is thus vital (Dell'Anno and Danavaro, 2005) , as a major part of the total P in these systems is often composed of such compounds (Turner et al., 2005a) . However, it is not clear from available literature how the process of microbial mobilization of inorganic P from sediment responds to allochthonous/autochthonous inputs of organic P into the aquatic ecocosm.
The present study has been designed to look at the generation of SRP by sulfur chemolithoautotroph communities from sediments enriched with organic P. As metabolic production of SRP by these organisms would be constrained by the availability of sulfur as an electron receptor, the study also explored the effects of concomitant augmentation of sulfides present in the sediment with dissolved sulfide.
Materials and methods

Collection of inoculum
Autoclaved silica containers were placed at the bottom of two traditionally managed shallow aquaculture ponds situated among rice fields in Midnapore, West Bengal, India. The pots were retrieved 1 month after placement and were found to have been deposited with soft oozy mud smelling of rotten eggs. The pots were brought to the laboratory under aseptic conditions and equal quantities of material from all pots were combined to make composite, pooled inocula. Table 1 gives the compositions of the selective medium prepared for selecting sulfur utilizing anoxygenic phototrophs from the inoculum.
Experimental design and protocol
The investigation was designed as a three-factor static replacement bioassay with two independent factors (organic P and S as sulfide) and repeated measures on time, the third non-independent factor. Commercially available yeast powder (SRL Chemicals, India) was added to the sediment (@ 2.0 g/kg) as the source of organic P. Effect of all possible combinations of two levels of yeast (present, YP/ absent, YA) and three levels of sulfide (low ¼ 0.05, medium ¼ 0.10 and high ¼ 0.20 g/l) were tested with two sets of sediments (native, without added P, NS/ spiked, with added P, SS). Repeated samplings were carried out at equal intervals (days 3, 6, 9, 12 and 15). All treatments were duplicated. For the Controls, the sediment was autoclaved, overlaid with selective medium and then autoclaved again after 48 h. Table 2 lists the various treatments.
Experimental setup
Winogradsky columns (Boomer et al., 2002; URL 2) were set up in the laboratory using 300 ml cylindrical borosilicate glass BOD bottles with ground glass stoppers fitting into standard joints. Pooled sediment (20 g) was used as inoculum in each column. This was overlaid with selective medium upto the neck of the bottle and the stopper sealed in with a smear of petroleum jelly, thereby effectively excluding air from each column. The setup was illuminated by a 60 W electric bulb placed 15 inches from them and was kept illuminated over the duration of the experiment, in order to encourage the growth of anoxygenic sulfur-utilizing phototrophs. Experimental parameters and recording of observations The changes in levels of SRP and bacterial density were followed for 15 days. After initiation, pH of the media were measured in situ from each column every third day, using a transistorized digital pH meter (Systronix, India) with combined glass electrode standardized against appropriate buffers. All other variables were measured from 30 ml aliquots withdrawn from the experimental columns at initiation and on the third, sixth, ninth, twelfth and fifteenth days. The volume withdrawn was replenished using fresh medium and the stoppers sealed in as before. Withdrawal and replenishment were completed in a minute. Variation in types and concentrations of bacterial chlorophyll were chosen as index of diversity and estimate of relative abundance of the various members of the community. Aliquots (10 ml) of culture media were centrifuged at 9000 g for 10 min, the supernatant was pipetted off and the pellet was resuspended in methanol. After extraction of chlorophyll, absorbances at designated wavelengths (Madigan and Martinko, 2006) were recorded using a spectrophotometer (Systronix). Table 3 lists the wavelengths used, the corresponding anoxygenic bacterial associations and the A max values (for methanol extracts).
SRP was measured in filtered (Whatman no. 42) medium following the ascorbic acid method (APHA, 2005) . PO 4 3À -P and pH of the soil was determined at initiation and termination of the experiment from each column following the methods detailed in Rowell (1994) .
All reagents used were of analytical grade (AR/ GR) and were sourced either from Merck India (Merck Ltd., Mumbai, India) or SRL Chemical Labs (Sisco Research Laboratories Pvt. Ltd., Mumbai, India). All glassware used were soaked in 0.1 M HCl, rinsed several times in distilled water and then autoclaved.
Statistical analysis of data Data were not transformed before statistical analyses. As part of exploratory data analysis, boxplots were generated with the observations from the response variables for the identification and exclusion of outliers following the procedure detailed in Johnson and Wichern (1992) . Anderson-Darling and Kolmogorov-Smirnov tests were carried out for verification of normality and homoscedasticity was tested for using Bartlett's and Levene's tests. Since the assumptions of normality and homoscedasticity were not supported by these tests, results were analyzed using non-parametric procedures as detailed in Dytham (2003) . Non-independent, cumulative effect of time on the response variates viz. soil P, SRP and chlorophyll from the different treatments were tested by Friedman's (repeated measures) test (Dytham, 2003) and Scheirer-Ray-Hare (S-R-H) test was carried out to test the significance of the independent experimental variates i.e. to test if presence of organic P and variations in sulfide levels were significant in the context of the density of bacteria and the microbial generation of SRP in the experimental columns.
Results
The results of the experiment (after correcting for Control treatments, YP/C and YA/C) are presented in Figures 1 and 2 and Table 4 . Increase in diversity and changes in relative abundance could be followed only in the YP treatments. Pinhead-sized microbe colonies formed on the walls of the columns in the YP treatments from the third day, turning into adhering persistent mats of microbial biomass by the tenth day. No such colonies were observed in the YA treatments. Table 4 lists the final pH recorded from the columns at the end of the experiment. Media in all columns were found to have turned alkaline.
The distribution of chlorophyll types from the SL, SM and SH columns in the YP treatments after five Figure 1 Bacterial diversity from chlorophyll assay.
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samplings are shown as a scatterplot (Figure 1 and Supplementary Information). The results revealed the presence of seven distinct bacterial associations in the YP treatments. Box plots revealed the values to be concentrated about the mean, without outliers. It was noted that abundance of sulfur and non-sulfur purple/proteobacteria (BChl b) and green sulfur/ chlorobi (BChl c) were greater, followed by sulfur and non-sulfur purple/proteobacteria containing BChl a*. Associations of green sulfur/chlorobi (both BChl d and e), green non-sulfur/chloroflexi (BChl f) and Gram positive/heliobacteria (green), containing BChl g, were found to contain lesser number of individuals, as evidenced by the lower absorbance exhibited by these groups at their characteristic wavelengths. Table 4 lists the results of the assay of PO 4 3À -P in the sediment made at termination of the experiment.
Comparison with values of soil PO 4 3À -P present at initiation (14.81 mg g À1 soil in YA and 23.18 mg g À1 soil in YP treatments) revealed that PO 4 3À -P in the sediment had decreased under the experimental conditions in both YA and YP treatments regardless of the concentration of dissolved sulfide: more P was lost from organic P enriched (YP) sediments than organic P deficient (YA) sediments.
The results of the S-R-H analysis revealed that the presence of organic P significantly influenced mobilization of P from sediment (S-R-H statistic ¼ 5.47, d.f. ¼ 1, P ¼ 0.019), whereas the augmentation of sediment sulfide by dissolved sulfide had no statistically valid effect (S-R-H statistic ¼ 2.64, d.f. ¼ 2, P ¼ 0.267).
The result of SRP assays from the media in the YA and YP columns are shown in Figure 2 and Supplementary Information. The points represent the mean of the duplicate observations for the relevant treatment on the day of the sampling. These results complement Table 4 inasmuch that SRP concentration was higher from columns containing organic P-enriched sediments. Overall, the generation of SRP among all three experimental groups in the YP treatments showed a graded increase till day 6 after which a slow decrease was noted till the minima were reached on day 12. SRP levels tended to an increase when media were sampled on day 15. Both reported trends held true for all levels of sulfide with very minor differences within groups.
In absence of organic P (YA treatments), this pattern was found to be followed only in the YA/SH treatment. However, the peak of SRP generation in this treatment was recorded later, on day 9. No conformity could be detected in the patterns of generation recorded from the other two treatments of this group (YA/SM and YA/SL), either to the trend in the YP treatments or among each other in the YA treatments. SRP values were highest in the YA/SL treatment on day 9 and generation in the YA/SM regime displayed an almost classical bimodal generation trend with the two maxima falling on days 6 and 12, either side of the recorded minimum on day 9.
Data were analyzed for the cumulative effect of time by the Friedman test for repeated measures and the test statistic (S ¼ 21.46, d.f. ¼ 5, P ¼ 0.001) was very significant, indicating that SRP generation by sediment microbes was a cumulative function dependent on time. Results of the S-R-H test carried out with SRP as the response variate (S-R-H statistic ¼ 44.32, d.f. ¼ 1, Po0.001) indicated that the presence of organic P in the sediment had a highly significant effect on generation of SRP from sediment. However, the premise that the presence of dissolved sulfide modified microbial metabolic responses to SRP generation was not statistically supported (S-R-H statistic ¼ 0.70, d.f. ¼ 2, P ¼ 0.705). No significant interaction could be detected between these two independent factor variables (S-R-H statistic ¼ 0.40, d.f. ¼ 2, P ¼ 0.819).
Discussion
The experiment was confined to 15 days as bacterial blooms occurred in the control columns after this Microbial generation of SRP H Guhathakurta et al period, probably due to germination of spores. Prima facie, the results show some interesting trends; for example, even though P was mobilized from the sediment in all the columns, visible bacterial growth was noted only in the YP treatments. This may be interpreted as being due to the stimulation of bacterial growth by dissolved organic P (Siuda and Chró st, 2001 ) from the yeast-augmented sediment. Two processes can be hypothesized to occur in tandem: sediment bacteria are reported to play a particularly large role in the mineralization of organic matter (Pettersson, 1998) and consequently, bioavailability of P from the yeast-enriched sediment was greater in comparison to the YA columns. In addition, the higher pH in these columns caused further release of organic P, as shown by Boströ m (1984) . This pH-dependent release of organic P can be explained through enhanced activity of alkaline hydrolytic enzymes at high pH, which leads to increased bacterial degradation (Feuillade and Dorioz, 1992) , probably by bacterial phosphatases (Siuda and Chró st, 2001 ). The observation that sediment P was present at lower concentrations in the YP columns at termination, as compared to the YA columns, directly complements the increased generation of SRP in the YP treatments: the higher densities of microbes in these columns are hypothesized to have been directly responsible. However, experimental results indicated that metabolic production of P was not influenced by variations in concentration of dissolved sulfide (S 2À ) except for metabolism-related mobilization to begin (Madigan and Martinko, 2006; URL 3) . Changes in the concentrations of dissolved sulfide had no effect, because H 2 S is very soluble in water and dissociates weakly (k 1 ¼ 10 À7 ; k 2 ¼ 10 À15 ) at higher pH values (Hutchinson, 1957; Hem, 1960) and as regeneration proceeded, the alkaline pH of the medium caused concentrations of S 2À in solution to fall to very low levels.
To conclude, the results very strongly indicate that organic forms of P stimulate generation of SRP from the sediment at the sediment-water interface by sulfur chemolithoautotrophs. The ability of these microbes in contributing to the process of internal loading of P in shallow eutrophic ecosystems are of potential concern to water quality managers and aquaculturists, since autochthonous sources of organic P are diffuse in nature and thus very difficult to control. That the presence of even small amounts of sulfide would be enough for such microbe-mediated generation should also be noted, as this underlines the necessity of maintaining optimum levels of oxygen in the deeper layers.
